Abstract After spinal cord injury (SCI) skeletal muscle decreases in size, increases in intramuscular fat, and has potential declines in mitochondrial function. Reduced mitochondrial function has been linked to the development of metabolic disease. The aim of this study was to measure mitochondrial function in persons with SCI using nearinfrared spectroscopy (NIRS). Oxygen consumption of the vastus lateralis muscle was measured with NIRS during repeated short-duration arterial occlusions in nine ablebodied (AB) and nine persons with motor complete SCI. Skeletal muscle oxidative capacity (V max ) was evaluated with two approaches: (1) rate constant of the recovery of oxygen consumption after exercise and (2) extrapolated maximum oxygen consumption from a progressive work test. V max as indicated by the rate constant (k) from the recovery kinetics test was lower in SCI compared with AB participants (k: SCI 0.7 ± 0.3 vs. AB 1.9 ± 0.4 min -1 ; p \ 0.001). Time constants were SCI 91.9 ± 37.8 vs. AB 33.6 ± 8.3 s. V max from the progressive work test approached a significant difference between groups (SCI 5.1 ± 2.9 vs. AB 9.8 ± 5.5 % Hb-Mb/s; p = 0.06). NIRS measurements of V max suggest a deficit of 50-60 % in participants with SCI compared with AB controls, consistent with previous studies using 31 P-MRS and muscle biopsies. NIRS measurements can assess mitochondrial capacity in people with SCI and potentially other injured/diseased populations.
2000). Diabetes is also more prevalent in people with SCI (Elder et al. 2004) . Altered mitochondrial function has been associated with diabetes mellitus (Befroy et al. 2007; Anderson et al. 2009; Petersen et al. 2004) . The links between mitochondrial function and disease (Ballinger 2005) support the need to assess and understand mitochondrial function in persons after SCI.
Several studies have suggested that mitochondrial function is reduced after SCI. These include *50 % reduction of enzyme levels from muscle biopsies (Castro et al. 2000; Chilibeck et al. 1999; Martin et al. 1992 ). Limitations to the biopsy approach include the invasive nature of the measurement in a vulnerable population, and also enzymatic measurements may not reflect in vivo mitochondrial function. Recently, magnetic resonance spectroscopy ( 31 P-MRS) has reported *50 % reduction in the rate of phosphocreatine recovery after exercise in skeletal muscle of persons with SCI (McCully et al. 2011b ). Limitations to MRS measurements include the high cost of testing, the limited number of locations that this technology is available, and the need to clear metallic implants for study in high strength magnetic fields. A more affordable and practical non-invasive measurement is needed to assess mitochondrial function after SCI.
Near-infrared spectroscopy (NIRS) is an optical method that relies on the oxygen-dependent changes in nearinfrared light absorption and scattering characteristics. NIRS has been used to measure changes in skeletal muscle oxygen levels during exercise (Chance et al. 1992; Wolf et al. 2007; Hamaoka et al. 2007; Ferrari et al. 1997) , skeletal muscle blood flow (van Beekvelt et al. 2001b; DeBlasi et al. 1994; Nioka et al. 2006) , and skeletal muscle oxygen consumption (van Beekvelt et al. 2001b; Malagoni et al. 2010) . A NIRS method has been developed that measures mitochondrial capacity by assessing the rate of recovery of oxygen consumption after exercise using multiple arterial occlusions (Motobe et al. 2004; Buchheit et al. 2011) . This technique has recently been used in combination with a blood volume correction algorithm to improve the reliability of oxygen consumption measurements (Ryan et al. 2012) . The NIRS approach of measuring mitochondrial capacity has been used on healthy and highly trained populations ), but to date has not been applied to the study of skeletal muscle from injured or diseased populations.
The purpose of the present study was to measure mitochondrial capacity in persons with SCI and able-bodied (AB) controls using NIRS. The approach used repeated cuff occlusions after exercise and the blood volume correction algorithm. We used two different approaches to evaluate mitochondrial capacity: the progressive work test and the recovery kinetics test. It was hypothesized that mitochondrial capacity would be reduced in persons with SCI when compared with AB individuals measured with NIRS, similar to previously reported MRS measurements (McCully et al. 2011a ).
Methods

Study participants
Participants with motor complete or sensory incomplete SCI as measured by the American spinal injury association impairment scale (AIS) level A or B were recruited for participation in this study. The recovery rate measurements include the results from four participants with SCI used in a previous study (Ryan et al. 2012) . AB participants, who were not performing regular moderate to high-intensity exercise, as measured by the International Physical Activity Questionnaire (Hagströmer et al. 2006) , were recruited as controls. The study was approved by the Institutional Review Board at the University of Georgia and by the Research Review Committee at the Shepherd Center (Atlanta, GA). We certify that all applicable instructional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research. All participants provided written informed consent prior to data collection. Data was collected from October 2011 to August 2012.
To be eligible for the study, participants with SCI had to be able to tolerate sitting upright on an exam table for 60 min without skin compromise or other physical problems. The exclusion criteria were as follows: those with pressure sores on the buttocks and lower extremities, those with orthopedic injuries in the lower extremities, those with a history of severe autonomic dysreflexia, and all females who were pregnant or believed they could be pregnant.
Study design and experimental protocol
This was a cross-sectional study comparing persons with SCI and AB participants. Testing consisted of NIRS measurements of mitochondrial capacity in the vastus lateralis muscle.
Participants were seated upright on a padded table and remained seated upright throughout the duration of the testing session. Legs were positioned straight. The foot of the tested leg was secured in a home-built stabilization holder, which rested on the padded table. The purpose of the foot holder was to minimize motion artifact. SCI participants who did not have abdominal activation placed their hands on the table for additional stability. The NIRS probe (Oxymon MK III, Artinis medical systems, the Netherlands) was placed over the surface of the vastus lateralis muscle and secured on the leg with biadhesive tape and a Velcro strap. The NIRS probe, assembled with two channels, was placed approximately 10 cm proximal to the superior aspect of the patella. Both channels were placed on the same anatomical location, but measured different depths of muscle tissue. NIRS data were sampled at 1,000 Hz and displayed at 10 Hz. A Hokanson vascular cuff (SC 12D or SC 12L depending on leg circumference) was wrapped around the upper thigh, as high as anatomically possible, proximal to the NIRS optode. The cuff was fit to the circumference of the limb. The vascular cuff was attached to a Hokanson AG101 Rapid Cuff Inflation system (Hokanson E20 control box and AG101 compressor). During the experimental setup, the tested leg was lifted up from the table for assembly of the cuff and NIRS probe. After setup was complete, the leg was placed back on the table in a straight position. Participants were encouraged to remain as still as possible to avoid motion artifact during testing.
Adipose tissue overlying the muscle of interest influences NIRS measurements (van Beekvelt et al. 2001a ). To control for this, adipose tissue thickness (ATT) was measured for each participant using B-Mode imaging (LOGIQ e; GE Healthcare, USA) at the start of each NIRS protocol. Based on the ATT measurement, the NIRS interoptode distance was adjusted to produce optimal signal-to-noise ratio. For example, channel 1 was set at a distance approximately twice the ATT. This was done to ensure that NIRS light penetration was deep enough to reach active skeletal muscle. The second channel was always set 10 mm longer than channel 1 and this allowed for slightly deeper light penetration into the muscle.
Four homemade aluminum foil electrodes 5 9 5 cm were attached to a Theratouch 4.7 stimulator (Rich-Mar, Inola OK) and positioned over the vastus lateralis muscle as previously described (McCully et al. 2011a ). Ultrasound gel was used as a conduction medium between all electrodes and the skin. Pre-wrap was used to keep electrodes in proper position. Electrical stimulation intensity (mA) for AB participants was selected based on the highest tolerable current and ranged from 80 to 160 mA. This was determined individually for each participant and they were encouraged to tolerate high levels of stimulation to ensure muscle activation in the NIRS measurement site. Electrical stimulation intensity for participants with SCI was selected based on producing vigorous muscle contractions of the quadriceps muscles that visually resembled contractions of AB participants at the highest tolerable currents. Electrical stimulation intensities in SCI participants ranged from 100 to 200 mA. NIRS measured recovery rates have been shown to be independent of the amount of muscle activation ).
NIRS measurements
Skeletal muscle oxygen consumption (mVO 2 ) was measured as the rate of change in muscle oxygenation during brief arterial occlusions from changes in NIRS signals using linear regression. Hemoglobin and myoglobin chromophores both contribute to changes in the NIRS signals (Lutjemeier et al. 2008 ). This technique assumes that NIRS signal changes are proportional to mitochondrial oxygen consumption due to relative changes in hemoglobin and myoglobin saturation.
Small shifts in blood volume can occur during arterial occlusions due to blood redistribution from high-to lowpressure arterioles. This blood volume shift is detected by NIRS and may mask oxygen consumption measurements, leading to errors in the calculation of mVO 2 . In this study, the NIRS signals were corrected for this blood volume shift as previously described (Ryan et al. 2012 ). The correction approach subtracts blood volume shift contributions from the NIRS signal so that changes in the oxygenated hemoglobin signal (O 2 HB) and changes in the deoxygenated hemoglobin signal (HHB) are symmetrical. The underlying assumption is that arterial occlusion induces a closed system, thus O 2 HB and HHB are stoichiometrically equivalent. Each arterial occlusion was analyzed and corrected for individually.
Four resting arterial occlusions were performed (10-60 s) and the average of all four occlusions was used. An average of 7-30 s of NIRS data from the occlusions was used, so the linear regression calculation consisted of 70-300 points.
Skeletal muscle oxidative capacity (V max ) was determined by two ways: with a progressive work test and a recovery kinetics test. These two approaches have been used previously to measure muscle metabolism with MRS (McCully et al. 1999) . The exercise stimulus for the progressive work test and the recovery kinetics test was 15 s of continuous electrical stimulation. The purpose of the exercise stimulus was to activate mitochondrial respiration, and short bouts of electrical stimulation have been used previously to achieve this (Walter et al. 1997; Ryan et al. 2012; McCully et al. 2011a ). The advantage of using shortduration stimulation for studying paralyzed skeletal muscle is that previous studies have shown increased fatigability and muscle damage after electrical stimulation (Slade et al. 2004; Bickel et al. 2004b; Mahoney et al. 2007) .
The progressive work test was modeled after the transfer function experiments perform using MRS (Chance et al. 1985) . This model assumes that ATP breakdown is tightly coupled to ATP synthesis and that the main controlling chemical of mitochondrial oxidative phosphorylation is ADP. Thus, increasing levels of work (i.e. electrical stimulation twitch frequency) correspond directly to increasing levels of ADP. This test began with approximately 1 min of rest followed by five 15-s bouts of electrical stimulation at the following frequencies: 2, 3, 5, 6, and 7 Hz (Pulse duration/interval 200/50 ls) in ascending order. One minute of rest was provided between bouts of electrical stimulation. mVO 2 was measured by a 10-s arterial occlusion (250-280 mmHg) performed immediately after cessation of electrical stimulation. mVO 2 was calculated by applying linear regression to the linear part of the NIRS slope. The initial linear part of the slope was chosen by eye starting approximately one second into the ischemic test period. For faster metabolic rates, approximately 3 s were chosen so 30 points were used. For slower metabolic rates, approximately 7 s were chosen so 70 points were used. Motion artifact from rapid cuff inflation and deflation was avoided when selecting slopes.
Data from the progressive work test was linearized and extrapolated using the Eadie-Hofstee plot (Lehninger 1976) , where mVO 2 is equivalent to the velocity, and electrical stimulation frequency was used as a surrogate for substrate concentration (i.e.
[ADP]). mVO 2 was plotted on the x axis and mVO 2 /electrical stimulation frequency was plotted on the y axis and slope-intercept equations were determined. According to Eadie-Hofstee plot, V max is equal to the y intercept.
The recovery kinetics test consisted of measuring the recovery rate of mVO 2 after exercise (Ryan et al. 2012) . Electrical stimulation (15 s at 4 Hz) was used to increase mVO 2 . Immediately following the electrical stimulation a series of short duration cuffs (5-10 s) were performed as follows: cuffs 1-5 (5 s on/5 s off), cuffs 6-10 (5 s on/10 s off), and cuffs 11-(10 s on/20 s off) over 5 min. To accommodate for the predicted slower recovery rates of people with SCI additional cuff measurements were performed at the end of the cuff protocol described above. mVO 2 for each cuff was calculated using linear regression as described above. Post-exercise mVO 2 measurements were fit to an exponential curve and rate constants (V max ) were calculated, which are proportional to mitochondrial capacity (Forbes et al. 2009; McCully et al. 1993; Richardson et al. 2002) .
A physiological calibration was performed and used to normalize NIRS signals for every NIRS test. The calibration provides a range of NIRS optical density unit changes, thus allowing for accurate interpretation of changes in raw NIRS data. The physiological range provides a reference point of 0 % oxygen saturation in the muscle during ischemia and a reference point of 100 % oxygen saturation during reactive hyperemia. Changes in NIRS signal during cuff measurements where normalized within this range and reported as % Hb-Mb/sec. The experimental procedure for the physiological calibration involved electrical stimulation for 10 s followed by a long-duration arterial cuff occlusion (3-5 min) at 250-280 mmHg of pressure.
Statistical analysis
Data are presented as mean ± SD. V max comparisons from progressive work test and recovery kinetics test were made between AB controls and participants with SCI using a Student's unpaired t test. Significance was accepted when p \ 0.05.
Results
Nine participants with SCI and nine AB controls were tested. SCI participants varied in level of injured vertebrae, with a range of C3-T6. Injury duration ranged from 2.7 to 22.1 years. Average age of the SCI group was different than average age of the AB group (43.3 ± 10.7 vs. 30.9 ± 15.8 years, p \ 0.05). The SCI group consisted of seven males and two females (78 % male) and the AB group consisted of five males and four females (55 % male). The average BMI was not different between the SCI and AB group (25.1 ± 5.3 vs. 26.5 ± 5.6, p = 0.96). Fig. 1 . There was no difference in ATT between groups (SCI 0.90 ± 0.30 vs. AB 0.89 ± 0.34 cm; p = 0.96). Resting mVO 2 was not different between groups (SCI 0.45 ± 0.29 vs. AB 0.31 ± 0.1 % Hb-Mb/sec; p = 0.14). Experimental results of the progressive work test are presented in Fig. 2 . During electrical stimulation, mVO 2 increased proportionally with progressive increases in frequency. Average mVO 2 for each electrical stimulation frequency level in both AB and SCI groups is presented in panel A of Fig. 2 . V max values from the progressive work test were extrapolated from these data using the Eadie Hofstee plot method. The average V max values for the SCI and AB groups approached a significant difference (SCI 5.1 ± 2.9 vs. AB 9.8 ± 5.5 % Hb-Mb/sec; p = 0.06). This is presented in panel B of Fig. 2 . The average R 2 values for Eadie Hofstee plot linearization in the SCI group was 0.58 ± 0.26, ranging from 0.03 to 0.83. The average R 2 value for Eadie Hofstee plot linearization in the AB group was 0.69 ± 0.28, ranging from 0.02 to 1.00.
A representative NIRS recovery kinetics test can be seen in Fig. 3 . Monoexponential recovery curves for an AB participant and a participant with SCI can be seen in Fig. 4 . On average, participants with SCI had one-third the V max , as indicated by the rate constant, compared with AB participants (SCI 0.7 ± 0.3 vs. AB 1.9 ± 0.4 min -1 ; p \ 0.001), seen in Fig. 5 . The recovery time constants (1/ rate constant) were 91.9 ± 37.8 s for the SCI group and 33.6 ± 8.3 s for the AB group. There was no difference in NIRS rate constants between channel 1 (shallow) and channel 2 (deep) in either group (AB p = 0.76 and SCI p = 0.76). The average R 2 values for the exponential curve fit in the SCI group was 0.94 ± 0.06, ranging from 0.83 to 0.99. The average R 2 values for the exponential curve fit in the AB group was 0.98 ± 0.26, ranging from 0.92 to 0.99.
Discussion
This is the first study to systematically report NIRS-measured mitochondrial capacity in persons with SCI and shows that NIRS is a feasible technique for mitochondrial assessment in a clinical population. NIRS testing can be completed in a time-and cost-efficient matter. This technique is non-invasive and safe for use in some vulnerable populations, as shown here in SCI. This technique can be easily exported to clinical setting and used to monitor mitochondrial responses to various pathologies or therapies.
The reported recovery rate constants extend the preliminary measurements reported in a previous study (Ryan et al. 2012) . The relative magnitude of difference in mitochondrial capacity between SCI and AB in this study is similar to the relative difference found with MRS measurements of PCr recovery (Levy et al. 1993; McCully et al. 2011a ) and muscle biopsies (Martin et al. 1992) . Figure 6 shows the relative differences in mitochondrial function for NIRS, MRS, and muscle biopsy techniques. Furthermore, the NIRS-measured recovery time constants in this study were similar in absolute values to time constants reported for PCr recovery measurements in people with SCI (NIRS time constant = 93 s in this study vs. PCr time constant = 88 s previously reported) (McCully et al. 2011a) . AB participants in this study had slightly faster recovery time constants (NIRS time constant = 33 s in this study vs. PCr time constant = 42 s previously reported) (McCully et al. 2011a ); however, this difference does not change interpretation of the mitochondrial deficit seen in the SCI group. There was a 12-year difference in age between SCI and AB groups which may have contributed to the reported differences in mitochondrial capacity. However, the degree to which this age differences influence oxidative capacity may not be significant in this study (Larsen et al. 2012) .
This study used two approaches to evaluate mitochondrial capacity (V max ) with NIRS: the progressive work test (Argov et al. 1987 , McCully et al. 1989 ) and the recovery kinetics test (McCully et al. 1999 ). These two approaches have been used previously to evaluate muscle metabolism using MRS (McCully et al. 1999) . Lower mitochondrial capacity was observed in the SCI group compared with the AB group with both approaches. The progressive work test had inherently greater variability as supported by the R 2 Fig. 1 Representative NIRS oxygenated hemoglobin/myoglobin signal from a person with SCI during experimental protocol consisting of a 30-s resting oxygen consumption measurement, progressive work test, recovery kinetics test, and a 5-min physiological calibration Eur J Appl Physiol (2013 ) 113:2275 -2283 2279 values of the Eadie Hofstee linearization. Variability of this approach is due in part to data extrapolation and the need to accurately quantify work performed. In the present study, we could not verify that the stimulation level completely activated all the muscle tissue sampled by the NIRS device; thus some of the differences (or lack of differences) between the SCI and AB groups could be due to relative differences in the amount of muscle activated. We also used the contraction frequency as a surrogate for work performed (or time-tension integral for isometric contractions) which likely contributed to the variability. Shortduration twitch stimulation was used to reduced the development of muscle damage, which as been reported in previous studies (Slade et al. 2004; Bickel et al. 2004b; Mahoney et al. 2007 ). Another possible factor influencing variability is that time-tension integral differs between SCI and AB (Bickel et al. 2004a; Scott et al. 2006) . Nonetheless, the results of the progressive work test indicate a 52 % difference in mitochondrial capacity between SCI and AB groups. This relative difference is similar to the results of the recovery kinetics test (63 %). The advantage of the recovery kinetics test approach is that it does not require quantification of work, since the rate of recovery will only be influenced by muscle that has been activated (Richardson et al. 2002) . Ryan et al. (2013) showed that NIRS measured recovery rates are independent of muscle activation. For this reason, potential sources of variability due to muscle activation differences are reduced in the recovery kinetics test. Another important aspect of this approach is that it requires obtaining signals fast enough to characterize the recovery rate. A key to this approach is making measurements (arterial occlusions) fast enough to capture the recovery of mVO 2 , which was made possible by the use of an instantaneous arterial cuff inflation device. Overall, the progressive work test is more variable than the recovery kinetics test. This may potentially limit its use in a clinical setting, where individual test results are top priority. In comparison, the recovery kinetics approach is more ideal for a clinical setting due to reduced variability and shorter testing duration. The variability of NIRS recovery rate constants in SCI was larger than the AB group, which was consistent with previous studies (McCully et al. 2011a; Martin et al. 1992) . Characteristics that may have contributed to differences in variability could include injury duration, spasm activity, injury level, and physical activity. Participants with SCI tested in this study varied considerably within each of these categories, consistent with the variability reported in previous studies (McCully et al. 2011a; Martin et al. 1992) . Establishing significant and meaningful relationships between the metabolic measurements and potential contributing factors will require larger sample sizes than the one in this study as well as previous studies. One advantage of the NIRS technique is that it is a portable technology that can be applied to studies with large sample sizes that may use multiple testing sites.
NIRS recovery rate constants were not different between shallow and deep channels, consistent with previous studies on AB individuals (Ryan et al. 2012) . The deeper channel is thought to obtain signals from deeper tissues and reflect a higher proportion of skeletal muscle rather than subcutaneous non-muscle tissue (van Beekvelt et al. 2001a; Chance et al. 2006 ). Due to difficulties in quantifying and comparing absolute values of signals between participants that have differing amounts of ATT and muscle, and even potential differences in heme concentrations within the muscle, the use of a physiological calibration to normalize signals is important. The lack of difference between the shallow and deep channels supports the use of a physiological calibration to compare mitochondrial measurements between different groups of participants.
Conclusion
The findings from this study support the use of NIRS measurements as a valuable technique for mitochondrial assessment in a clinical population. NIRS-measured mitochondrial capacity in the SCI group had a *63 % deficit in mitochondrial capacity compared with the AB group, consistent with previous studies that used 31 P-MRS and muscle biopsies. The recovery rate approach to measuring mitochondrial capacity appeared to have less variance and to work better than the progressive work test approach. Future utilization could also involve monitoring changes in mitochondrial health in response to a drug or therapeutic intervention, which may translate to new clinical treatments. ) and succinate dehydrogenase (SDH) activity from muscle biopsies (Martin et al. 1992) . AB values were normalized to 1 and SCI values were expressed as a percentage of AB Eur J Appl Physiol (2013 ) 113:2275 -2283 2281
